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Introduction

An obvious limitation to any dctailed combustion modcling is the comparatively short list of
fucl/oxidizer systems whose chemical kinctic mechanism is understood and rcasonably validated. The hst
shortens considcrably further when adding the additional constraint inhcrent to many practical combustion
svstems that the fucl be hciuid at atmospheric conditions. Conscquently, to date, numcrical modcling of the
time~dependent, spherically symmetric combustion of a purc, singlc-component liquid fucl considenng
detailed molecular transport and complex chemical kinetics! has focused primarily on methanol (CH,0H).
a liquid fucl whose relatively simple oxidation chemistry has been extensively studied Scmi-cmpirical
chemical kinctic mechanisms® have also been successfully utilized in steady statc modcling of n-hcptanc
(C,H,,) droplct combustion* Howcver, recent transicnt n-heptanc droplct” modcling results suggest that
such 'mechanisms fail to accurately capture the transition from non-buming to buming statcs duc to the
lack of detailed initiation chemistry included in these mechanisms.*

In light of the above arguments, the transient numerical modeling of bi-componcnt liquid droplets 1s
limited further still to thosc muxtures for which the gas phasc chemistry of both componcnts 15 well-
characterized.  While, much interesting physical phenomena of multi<omponent droplet combustion has
been attributed to the volatility and liquid-phasc  mass diffusion of cach component in the liquid fucl
mixturct. the yansic f ienition_and gxtingt not be properlyv examincd unless the gas
Rhasc chemistny © _;_g_ch_%%mwn__l is_understood. Onc bi-componcent [iquid dropict svstem which can,

owever, be rcadily studi nomcrically 1s_the mixture of mcthanol/water. Although ‘in this casc both
; components arc not fucls. the s ccics” H,O 1s, obviously. already included in the dctailed gas phase
‘mﬁon chemisty of Ref. 2/ P.l)n addition, substantial hterature” exists on the liquid muxturc density,
'vapor/liquid cquithbna, and liquid diffusion cocfficients for this binary muxturc. Thus, microgravity
cxpeniments of methanol/water roplets and the numencal modcling described in this study will provide an
additional test for the chemical kinetic mechanism and provide further insight into bi-component droplct
combustion.

Accordingly. the combustion of purc methanol and methanol/water mixtures will be studied using 2
scparate droplet combustion experiments which are under development at NASA to be flown aboard space-
based platforms within the next scveral vears The Fiber Supported Droplet Combustion Expenimen:
(FSDC) will consist of 2 thin fiber upon which muluple droplets of up to 3 mm in diamcter will be grown
and 1gnited in air - The Droplet Comgusuon Experiment (DCE) will consist of free droplets which will be
grown. deploved. and 1gmited in 0./N; and O,/tc oxidizing cnvironments In order to refine the FSDC and
DCE test programs, and analvze th¢ subscquent results. the combustion of a single. 1solated hiquid bi-
componct dropict of mcthanol/watcr was numerically simulated using a fully nme-dependent. sphencally
ssinmetric droplet combustion modcl recently developed at Princcton University. ¢ results will be
described below.

Numerical Model

The fully time-dependent, spherically ssmmetric, singlccomponent droplct combustion model
recently developed at Princeton University and ongnally described in Ref. 1 was expanded for this study so

that the numencal simulation of the combustion of bi-componcnt liquid droplcts 1s now possible  This

model currently incorporates detailed muli-component molecular transport” and complex chenucal kinctic
mechanisms?® in the gas phase. smw\lgl;_ formulated wliquxd cquillibria at the droplet
surface® and considers liquid species mass transicr and the conservation of encrgy within the liquid droplet
interior. In addition, the non-idcal temporal and spaual vanation n liquid droplct density duc to the
vanation in temperaturc and hquid composition within the droplet has also been included.

For this present study of binary methanol/water mixtures. the gas phase chemical kinctics were
modcled using the comprehensive methanol oxidation mechanism developed by Held which considers 89
forward chcmical reactions and 21 species (Ref 2). The experimental data and corrclations of H Leg, et.
al'® Kurihara, et. al'!. and Y E. Lee, ct. al 1 were utilized to describe, respectively, the liquid density
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variation, liquid/vapor equillibra. and the liquid diffusion cocfficients of thc binan mcthanolwater
mixturc.
Results

In order to refinc the FSDC test program and analvaze the subscquent results. the transient
numcrical droplct combustion modc! described above was used to modcl the sphero-symmectric combustion
of methanol/water droplets of up to 3 mm ynitial diamater in air. Table 1 is a summany of these results for
1 mm (1000 micron) methanol/water droplets o air at 1 Atm As the table shows. the model predicts a
16% decreasc in instantancous gasification ratc as initial water content is increased from 0 to 50 per cent
This cffect 1s predominantly duc to the increased droplet density duc to the increased water content  Indeed.
simulating the identical conditions but holding density constant results 1n only a 3% deercasc in gasification
rate over the same range of initial water content. Interestingly. the total bumn time increascd duc to
decrease in gasification ratc between the 0% and 23% imtial water content cascs. but decrecased as the
imnial water content increased from 25% to 50% duc to the increase in extinction diameter.

Table 1. Numerical results for methanol/water droplct combustion: 1000 micron initial diameter. 1 atm. Air

imtial Att=038s At Extinction
Water Gasification Flame Flame Total Extinction  Water
Content Rate Temperature Stancof! Burn Time Diameter Content
[mass %] [mm?2/s! [K} _fdyai ] [st fmicron] [mass %]
0 063 1810 337 161 101 195
25 058 1657 285 169 236 436
50 053 1463 2 41 1.20 €24 2 508 ¢

Figurc | shows thc main gas phasc specics. heat release. and temperature profile surrounding 1
mm methanol/water droplets of, initially, 0. 23 and 30 per cent water at 0.8 scconds after ignition 1in 1 Atm
air. The figure shows that, while the flame temperature decreases with increasing initial water content. the
flame is positioned closer to the droplet surface The physical phenomcna govering the decreasc 1in flame
st:md-ofPis two-fold  Firstlv. the increased droplet water content results n a decrease in the gas phasc
methanol mass fraction at the droplet surface. Thus. in ordar 1o achicve stoichiometne methanol/oxyeen
consumption rates at the flame. the flame front must be positioncd closer to the droplet surface.  Sccondly,

the increase in water content results in a higher latent heat of vaporization which requires an increasced heat
flux apphed to the droplet surface - "
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Figure 1. Gas phase specics. normahized heat release. and temperature profile surrounding 1mm methanol water droplets of
imtially 0, 25, and 50% waterin 1 atm air

Figure 2 shows thc instantancous maximum flame temperature for the above conditions.  This
figurc suggests that the continuously varving surfacc liquid watcr mass fraction and associated surface gas

phase water mass fraction coupled with the fimite rate chenustry of methanol oxidation results in a

continuous monotonic decrease 1n flame temperature for cach condition. As the droplet surface regresses.
the residence time in the flame deercascs until flame extinction occurs resulting in the steep drop n flame
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tempcerature._As 1nitial water content 1s increased. not only docs the flame tcng;cra(urc decreasc, but the
vanation 1n flame temperature with ume 1s morc pronounced and the drop ofl n flamc temperature at
extinction is morc abrupt
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Figure 2. Instantancous flame temperature for 1mm
methanol/water droplets of amtally 0. 23, and 50%
water in | aum air

Figure 3. Instantancous droplet radius

Figures 3 through 3 show the instantancous droplct radius. gasification rate _{instantancous time
rate of change of the squarc of the diameter). and average integrated droplet densits. These figures clearly
show that the addition of watcr to the methano! dropict results in decreased gasification ratc primarily due
1o the difference in imitial density of the mixture  The calculation of instantancous average intcgrated
droplet density (Fig 5) showed that for cach casc the density variation was less than 5% durning
combustion. with the majonty of the density variation occurring after flame extinction. As shown in Fig. 3.
the radius at which the dJroplct cxtinguishes (as significd by the sharp bend in the radius vs time cunve)
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Fipurc 4. Instantancous gasification rate
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Figure 5. Instantancous integrated droplet density
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roplets ‘containcd up to 80% water. 13
watcr/methanol in 1-g showed that
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this 80% value was rclatively inscnsitive 10 the 1nitial droplet
from the numerical modchng of the present study. however In the former expeniment. the high ambient
temperatures resulted in veny small extinction diameters. 1 the laner, natural conveztion due to buoyvancy
would have greatly enhanced the ratc at hich fiame-generated water was delivered to the droplet surface
As shown in Fig. 6 and summanzed in table 1. the total integrated water mass fraction in the liquid droplct
did not approach 80% and varied with the imtial water content. This 1s not surprising when considening the
differences between the sphero-symmetric mode! and the experiments

Finallv. figure 7 is a plot of the fractiona! gasification rate of mcthanol. Intcrestingly, this plot
su%gcsts that for 1 ' mm droplets with imitial watcr content slightly greater than 25%, flame-gencrated water
will mot dissolve back into the droplct (A methanol fractional gasification ratc valuc greater than unity
results when there is a net flow of water into the droplet). ’

water content ' These expenments differ
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Figure 6. Total integrated hiquid water mass fraction Figure 7. Frachional pasification rate of methanol
Conclusions

This studv shows that liquid muxtures of mcthanol and watcr arc attractive candidates for

microgravity droplct combustion cxpeniments and associated numencal modciing The
for these droplct mixtures 1s conceptually simple. well understood and substantially va
the thermodynamic and transport propertics of the hquid muxturc have also been

gas phasc chemistry
lidated. In addition,
well charactenzed.

Furthermore, the results obtained i this study pre
obscrvable 1 ground-based drop tower experiments

Such ex

dict that the extinction of
eniments will be con

these droplets may be
ductcd shortly followed

by spacc-basca expeniments utifizing t

he NASA FSDC and DCE experiments
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